Chronic intense UV radiation is the main cause of epidermal tumors. Because hyaluronan (HA), a large extracellular polysaccharide, is known to promote malignant growth, hyaluronan expression was studied in a model in which long-term UV radiation (UVR) induces epidermal tumors. Mouse back skin was exposed three times a week for 10.5 months to UVR corresponding to one minimal erythema dose, processed for histology, and stained for hyaluronan and the hyaluronan receptor CD44. This exposure protocol caused epidermal hyperplasia in most of the animals; tumors, mainly squamous cell carcinomas (SCCs), were found in ~20% of the animals. Specimens exposed to UVR showed increased hyaluronan and CD44 staining throughout the epidermal tissue. In hyperplastic areas, hyaluronan and CD44 stainings correlated positively with the degree of hyperplasia. Well-differentiated SCCs showed increased hyaluronan and CD44 staining intensities, whereas poorly differentiated tumors and dysplastic epidermis showed areas where HA and CD44 were locally reduced. The findings indicate that HA and CD44 increase in epidermal keratinocytes in the premalignant hyperplasia induced by UV irradiation and stay elevated in dysplasia and SCC, suggesting that the accumulation of hyaluronan and CD44 is an early marker for malignant transformation and may be a prerequisite for tumor formation. (J Histochem Cytochem 59:908-917, 2011) 
Ultraviolet radiation (UVR) is widely known for its role in carcinogenesis (Ley et al. 1989; Devary et al. 1992; Buckman et al. 1998) , and it is considered the main cause of skin squamous cell carcinomas (SCCs) and basal cell carcinomas (BCCs) (Armstrong and Kricker 2001) . The relative contribution of UVB and UVA to SCC development in humans is not known, but because UVA causes less direct DNA damage than UVB, it has been regarded less carcinogenic. However, both can cause SCC in mice (Sterenborg and van der Leun 1990) , and UVA-induced fingerprint mutations are common in the basal cell layer of precarcinogenic skin (Agar et al. 2004) .
Expression of hyaluronan, a large linear polysaccharide composed of repeating units of N-acetyl-glucosamine and glucuronic acid (Tammi et al. 2002) , has been linked to tumor development because it can enhance cell proliferation and migration (Toole 2004; Tammi et al. 2008 ) by producing a large hydrated matrix around the cells (Knudson and Knudson 1990; Evanko et al. 1999 ) and by activating intracellular signaling routes through binding to its receptors (Heldin et al. 2008; Maxwell et al. 2008) . Increased hyaluronan content is found either on the cancer cells or in the tumor stroma of many adenocarcinomas, like breast, ovarian, colon, or gastric cancers, and it often is associated with aggressive tumor type and poor patient prognosis (reviewed in Tammi et al. 2008) . Modulation of the amount of hyaluronan in experimental tumor models has provided direct evidence for the importance of hyaluronan in cancer growth and spreading (reviewed in Itano et al. 2008 ). Overexpression of hyaluronan synthases increases migration, for example, in rat fibroblasts (Itano et al. 2002) and mesothelioma cells (Li and Heldin 2001) , whereas their downmodulation with antisense or siRNA techniques has been associated with decreased migration, as shown in osteosarcoma cells (Nishida et al. 2005) , breast cancer cells (Li et al. 2007 ) and zebrafish (Bakkers et al. 2004) . Overexpression of Has2 or Has3 also promotes anchorageindependent growth (Kosaki et al. 1999; Zoltan-Jones et al. 2003) , whereas transfection with antisense Has2 or Has3 diminishes invasion (Udabage et al. 2005) , anchorageindependent growth (Bullard et al. 2003) , and attachment to bone marrow endothelial cells (Simpson et al. 2002) .
Carcinomas derived from stratified squamous epithelium show a biphasic hyaluronan expression pattern. In early squamous epithelial lesions, hyaluronan content is increased whereas in poorly differentiated squamous tumors, hyaluronan content is decreased. This pattern has been found in squamous cell malignancies arising from skin, mouth, larynx, and lung (Pirinen et al. 1998; Hirvikoski et al. 1999; Karvinen et al. 2003; Kosunen et al. 2004) . The reduction of hyaluronan in the poorly differentiated tumors correlates with poor patient prognosis in oral SCC (Kosunen et al. 2004) .
UV exposure affects skin hyaluronan both in cell culture experiments and in human and mouse skin in vivo. In a mouse model, chronic UVB and UVA exposures induce accumulation of hyaluronan in the dermal compartment (Schwartz. 1988; Margelin et al. 1996; Koshiishi et al. 1999) . More recently, however, Dai and coworkers reported that long term UVB-irradiation of mice induces loss of dermal hyaluronan and downregulates the expression of the hyaluronan synthases (HAS1-3) (Dai et al. 2007) . Although there is no information about the effects of long-term UVR on epidermal hyaluronan metabolism, it has been shown that single, low-dose UVB and UVA exposures caused a rapid, transient downregulation of epidermal hyaluronan content in a mouse model (Calikoglu et al. 2006 ). In line with this mouse model, cultured keratinocytes when exposed to UVB show reduced secretion of hyaluronan 3 hr after the exposure, whereas stimulation occurs afterward (Averbeck et al. 2007) . Hyaluronan synthesis in human keratinocytes shows a biphasic dose response: low doses of UVB stimulate the secretion of HA and the expression of HAS2 and 3, whereas higher doses inhibit those (Kakizaki et al. 2008 ). In the latter experimental setup, however, UVA shows minor effects on hyaluronan synthesis, whereas high UVA doses slightly inhibit hyaluronan content and HAS expression (Kakizaki et al. 2008) .
Because there is currently no information whether longterm, high-dose UVR influences epidermal hyaluronan and CD44 expressions, we studied them in a mouse model using histochemical stainings. Our results show that the epidermal hyperplasia caused by UVR is associated with increased signals for hyaluronan and CD44 in the epidermis and that the degree of the hyperplasia positively correlates with the hyaluronan and CD44 staining intensities. Dysplastic lesions and squamous cell carcinomas generally showed increased hyaluronan and CD44 stainings. However, occasionally an irregular staining pattern was observed, with sites of decreased staining in these lesions.
Materials and Methods
The study protocols including the UVR exposures have been described in detail previously (Kumlin et al. 1998 ). The mice (total 42) were female non-transgenic littermates of the line K2, developed at the University of Kuopio, and were 6-9 months old at the beginning of the experiment. Twenty-one animals were exposed to UV light and 21 control animals were exposed to sham treatment only. The animals were exposed to UVR using lamps simulating the solar spectrum (Philips HP3136). Wavelengths from 280 to 400 nm were used. During the UVR treatments, the mice were kept in cages 50 cm below the lamp, and the back skin of each mouse was shaved once a week with an electronic clipper (Aesculap Favorita II, Tuttlingen, Germany). Three exposures a week, each 35 min corresponding to one human minimum erythema dose (MED), were performed during the whole period of 10.5 months. Sham treatment for control animals was performed using similar exposure system with no light applied.
Histological Specimens
Skin samples from the exposed animals were fixed in 10% buffered formalin, embedded in paraffin, and sectioned 5 µm thick. The sections were stained with hematoxylin and eosin for the evaluation of tissue morphology and for hyaluronan and CD44, as described below. One representative biopsy was analyzed from each mouse.
Hyaluronan Staining
The sections were rehydrated in descending xylene-ethanol series and incubated with 3% H 2 O 2 for 5 min to block endogenous peroxidases; then they were incubated with 1% BSA in 0.1 M Na-phosphate buffer (PB), pH 7.0, for 30 min at 37C to block unspecific binding of the probe, followed by overnight incubation at 4C with 3 µg/ml biotinylated hyaluronan binding complex (bHABC), isolated from bovine articular cartilage and containing the biotinylated complex of link protein and G1 domain of aggrecan (Tammi et al. 1994) .
After washes with PB, the sections were incubated with avidin-biotin peroxidase (Vector Laboratories, Irvine, CA, 1:200) for 1 hr. The color was developed with 0.05% 3,3′-diaminobenzidine (DAB; Sigma, St. Louis, MO) containing 0.03% H 2 O 2 . The sections were counterstained with Mayer's hematoxylin for 2 min, washed, dehydrated, and mounted in DePex (BDH Laboratory Supplies, Poole, UK). To control the specificity of the staining, hyaluronan was removed by preincubating the sections with Streptomyces hyaluronidase (Seikagaku, Kogyo, Tokyo, Japan), or the bHABC probe was blocked with HA oligosaccharides (Tammi et al. 1994 ).
CD44 Staining
Specimens were fixed and processed as described above. After rehydration, the sections were incubated for 30 min at 95C in antigen retrieval solution (Dako, Carpentaria, CA). After blocking the endogenous peroxidase activity and unspecific binding as described above, the sections were incubated with an anti-CD44 antibody recognizing all CD44 splice variants (1:100 IM7, a generous gift from Dr. Jayne Lesley, San Diego, CA) overnight at 4C and then with biotinylated anti-rat secondary antibody (Vector Laboratories, 1:100) for 1 hr at room temperature. Avidinbiotin peroxidase and DAB treatments were carried out as described above. Control sections were stained similarly, but omitting the primary antibody.
HAS Stainings
The deparaffinized sections were incubated in 10 mM citrate buffer, pH 6.0, for 5 min in a pressure cooker at 120C, washed with PB, and treated for 5 min with 1% H 2 O 2 to block endogenous peroxidase activity. Thereafter the sections were incubated in 1% bovine serum albumin (BSA) and 0.1% gelatin (Sigma G-2500, Sigma, MO) in PB for 30 min to block nonspecific binding. The sections were incubated overnight at 4C with polyclonal antibodies (2 µg/ml dilution in 1% BSA, Santa Cruz Biotechnology, Santa Cruz, CA) for HAS1 (sc-34021), HAS2 (sc-34067), and HAS3 (sc-34204) followed by 1 hr incubation with biotinylated anti-goat antibody (1:1000, Vector Laboratories). The bound antibodies were visualized with the avidin-biotin peroxidase method, as described above.
After washes, the sections were counterstained with Mayer's hematoxylin for 1 min, washed, dehydrated, and mounted in DPX. Treatment of primary antibodies with corresponding peptides (sc-34021 P for HAS1, sc-34067 P for HAS2, and sc-34204 P for HAS3; Santa Cruz Biotechnology) was used as control.
Evaluation of the Hyaluronan and CD44 Stainings
The stainings were analyzed blind regarding the experimental group. General morphological features of the sections were analyzed and scored for epidermal hyperplasia (no hyperplasia, mild, moderate, strong hyperplasia). In addition, the sections were scored for the presence of tumors, dysplasia, and squamous cell carcinomas. The area of HA and CD44 stainings in the epidermis was estimated with a four-level scoring from 0 to 3. Score 0 was given when no staining or only minimal staining around 1-2 hair follicles was detected. Score 1 was given when less than 33% of the interfollicular area was stained, score 2 when 33-66% of the interfollicular area was stained, and score 3 when more than 66% of the interfollicular area was stained. The intensity of epidermal staining was estimated with a four-level scoring from 0 to 3. The homogeneity of the staining was recorded as well as the intensity of dermal staining and the staining of skin areas showing abnormal morphology.
Statistical Analysis
The statistical calculations were performed using the SPSS program for MacIntosh (version 11.0, SPSS, Chicago, IL). The Kruskal-Wallis and Mann-Whitney U-tests were used to compare the extent and intensity of the stainings between treatments. The amount of epidermal hyperplasia was correlated to the HA and CD44 parameters using Kendall's test. Probability values less than 0.05 were considered significant.
Results
In the present work, mouse back skin was exposed to 1 MED of UVR three times a week for 10.5 months. Histological evaluation indicated that in most of the treated animals the epidermal tissue showed marked, approximately 3-4-fold thickening (Fig. 1 , e and f) compared with control skin (Fig. 1, a and b , Table 1 ). One fifth of the UVR-exposed animals developed squamous cell carcinomas (SCC, Fig. 2 , d-i, and Table 1) , and one third showed dysplastic changes (Fig. 2, a-c) . Only one of the control animals showed mild hyperplasia, whereas dysplasia or SCC was not detected in any of the control animals (Table 1) .
Hyaluronan and CD44 Stainings
In normal, untreated skin, dermal connective tissue was intensely stained for hyaluronan, whereas most of the epidermis either was negative ( Fig. 1a) or showed a weak positive signal around the orifices of hair follicles (Table 1) , as previously described in mouse ear and tail . Although CD44 immunostaining in control skin was generally weak, some CD44-positive cells were found throughout the whole interfollicular epidermis, in both the basal and suprabasal layers (Fig. 1b, Table 2 ).
In UVR-treated animals, hyaluronan-positive cells covered more than two thirds of the epidermal area in most of the specimens (Table 2) , and the intensity of epidermal hyaluronan staining was significantly increased compared with untreated epidermis (Table 2, Fig. 1 and 2 ). CD44 immunostaining also showed significantly increased epidermal staining intensity and coverage in UVR-treated animals ( Figs. 1 and 2 , Table 2 ). Epidermal areas showing benign hyperplasia showed moderate or strong hyaluronan and CD44 stainings, even in the case of moderate hyperplasia (Fig. 1, c and d) ; however, the number of positive layers was increased when the degree of hyperplasia increased (Fig. 1, e and f) , with all vital cell layers except granular cells being positive for hyaluronan and CD44. Epidermal hyperplasia showed a significant positive correlation with both intensity and coverage of hyaluronan staining (Kendall's τ-b test, p<0.01). Similar correlation was also observed between epidermal hyperplasia and CD44 staining intensity and coverage (Kendall's τ-b test, p<0.01 and 0.05, respectively).
Epidermal areas containing dysplastic cells were generally moderately or intensely positive for hyaluronan and CD44; however, they often contained patches with reduced staining or even no staining at all (Fig. 2, b and c) . Similarly, invasive squamous cell carcinomas showed generally moderate or strong hyaluronan and CD44 stainings (Fig. 2, e and f), but patches of lower staining intensity made the appearance inhomogeneous in some of the tumors (Fig. 2, h and i). Dermal connective tissue stained for hyaluronan in all samples. In semiquantitative scoring of dermal hyaluronan staining intensity, all samples in control group were graded as moderately stained, whereas in the UVR group 1 of 21 was graded as weakly stained, 2 were graded as strongly stained, and the remaining were graded as moderate (NS). However, in UVR-treated animals showing epidermal hyperplasia, there was a loss of subepidermal hyaluronan staining in 69% of the hyperplastic samples (Fig. 1e ).
HAS Immunostainings
We performed immunostainings with antibodies raised against hyaluronan synthase enzymes 1, 2, and 3 (Fig. 3) . In the control skin that was not exposed to UVB (Fig. 3, a , e and i) just a few epidermal cells showed HASimmunoreactivity above the level of diffuse, low-intensity background signal. The dermal cells stained weakly or with moderate intensity for HAS1, HAS2, and HAS3 (Fig. 3, a,  e and i) . The staining intensity in specimens exposed to the UVR was clearly higher with all HAS antibodies, in both epidermis and dermis (Fig. 3, b , c, f, g, j and k). Strongest induction of staining intensity was found with the HAS2 antibody (Fig. 3, f and g) . The increased HAS immunostainings were seen both in hyperplastic areas (Fig. 3, c, g  and k) and in the squamous cell carcinomas (Fig. 3, b , f and j). Fig. 3, d , h and l shows specimens stained with HASantibodies preincubated with peptides used for immunization. Most of the staining was lost, indicating the specificity of the signal. The retrieval at high temperature required for the exposure of the epitopes (Rilla et al, unpublished) tended to tear the fragile mouse skin sections and precluded HAS immunostainings of sufficient quality for comprehensive scoring of all specimens.
Discussion
The present study shows for the first time that chronic UV irradiation of skin leads to the accumulation of hyaluronan and its receptor CD44 in the epidermis and that this accumulation correlates with the development of epidermal hyperplasia.
Although the effect of chronic UVR on GAG and hyaluronan metabolism in the dermal compartment has been studied previously (Schwartz 1988; Margelin et al. 1996; Koshiishi et al. 1999; Dai et al. 2007 ), none of the previous publications has reported changes in the epidermal compartment. The reports concerning the response of epidermal cells to acute UVR have been contradictory (Calikoglu et al. 2006; Averbeck et al. 2007; Kakizaki et al. 2008) , probably because of differences in the dose and UV source.
The single dose used in the present work (20 mJ/cm 2 corresponding one minimum erythema dose) is comparable to the doses that have been reported to stimulate hyaluronan synthesis in in vitro experiments (Averbeck et al. 2007; Kakizaki et al. 2008 ). However, the doses cannot be directly compared, because under in vitro conditions epidermal cells lack the natural protective mechanisms, e.g., melanosomes and stratum corneum, and are therefore more sensitive to the UVR. The UV source used in the present work simulated solar irradiation, containing a broad spectrum of wavelengths from 310 to 400 nm (Kumlin et al. 1998 ). The main part (98%) of the physical dose is comprised of UVA; however, about 70% of the biologically effective (erythema-inducing) irradiation is expected to come from the UVB wavelength. UVA may either be ineffective in stimulating hyaluronan synthesis (Kakizaki et al. 2008) or even inhibit it when used at high doses (Calikoglu et al. 2006) . Although in the present experiment we cannot differentiate between the effects of UVB and UVA on hyaluronan metabolism, our findings indicate that in a chronic setting, UVR resembling solar irradiation at intensities causing skin erythema (1 MED) causes a dramatic change in epidermal hyaluronan metabolism.
In the present material, the increase in HASimmunostaining intensities in the UVR exposed epidermis suggests that the increased hyaluronan content in UVRtreated epidermis is at least partly explained by increased HAS activity. All HAS isoforms showed increased immunostaining in UVR exposed skin. In line with the previous cell culture experiments (Averbeck et al. 2007 ), HAS2 showed highest increase due to UVR. However, possible differences in the sensitivity of the antibodies preclude direct conclusions concerning HAS2 as the major target. UVR is known to activate several signaling routes, but there are no comprehensive data showing which of the signals are involved in the UV-induced upregulation of hyaluronan synthesis and HAS expression (Averbeck et al. 2007; Kakizaki et al. 2008) . The acute phase upregulation of HAS2 and HAS3 was inhibited by blocking IL-1β, suggesting that an inflammatory pathway is involved (Kakizaki et al. 2008) . Chronic UVB has been reported to cause enhanced activation of pathways associated with EGFR and ErbB2, PI3K and AKT, JNK, NFkB, and Stat3 (Sano et al. 2005; Katiyar and Meeran. 2007; Wunderlich et al. 2008) , all known to influence HAS2 or HAS3 expression (Pienimäki et al. 2001; Saavalainen et al. 2005; Madson and Hansen. 2007; Han et al. 2008) .
The strongly elevated level of CD44 is likely to contribute to the increased epidermal content of hyaluronan by binding and immobilizing hyaluronan on the plasma membranes of keratinocytes. The close correlation between CD44 and hyaluronan staining patterns observed in the present work and in previous publications (Pirinen et al. 1998; Hirvikoski et al. 1999; Karvinen et al. 2003; Kosunen et al. 2004 ) supports this conclusion. However, acute highdose UVB and UVA irradiation was reported to cause depletion of CD44 (Calikoglu et al. 2006) , and our own data in cultured keratinocytes support this finding (Rauhala et al. unpublished) , indicating that the CD44 response to UVR is biphasic. Mutations of p53 are typically found in epidermal keratinocytes exposed to solar radiation very early, before the actual tumor (de Gruijl and Rebel. 2008; Klein et al. 2010) , and cause upregulation of CD44 expression (Godar et al. 2008 ), suggesting a plausible mechanism for the increased CD44 levels in our model. The p53-induced effect of CD44 on cell growth and survival was mediated by EGFR (Godar et al. 2008) . In our material the epidermal hyperplasia strongly correlated with the levels of epidermal CD44 and hyaluronan. Likewise, epidermal hyperplasia during wound healing ) and in psoriasis (Tammi et al. 1994) shows increased CD44 and hyaluronan content. Furthermore, lack of CD44 inhibits the capacity of mouse epidermis to respond to various growth-promoting signals (Kaya et al. 1997) . Hyaluronan binding to CD44 has been shown to modulate and enhance signaling of a number Figure 3 . Hyaluronan synthases (HAS1-3) in UV-treated epidermis. Specimens from mouse back skin were stained with antibodies against HAS1 (a-d), HAS2 (e-h), and HAS3 (i-l). In d, h, and l, the antibodies were preincubated with the peptides used in the immunization. All HAS antibodies gave a low-level signal in control, unirradiated epidermis, whereas dermal cells showed a stronger immunostaining (a, e, i). In UV-treated skin, hyperplastic areas (c, g, k) and SCCs (b, f, j) keratinocytes and fibroblasts showed increased staining intensity for all HASes compared with control skin. Magnification bar 20 µm (in a for a, e, i and in b for b-d, f-h, and j-l).
of cell surface growth factor receptors including EGFR (Kim et al. 2008 ) and ErbB2 (Bourguignon et al. 2007; Misra et al. 2008) . Therefore, both CD44 and hyaluronan may be required for epidermal activation and hyperplasia, whether it occurs in injury, inflammation, or development of SCC. Hyaluronan accumulation in the epidermis may also be a protective response against UVR because it can bind and inactivate reactive oxygen species. High molecular mass hyaluronan has been shown to decrease apoptosis and inflammation of corneal keratinocytes exposed to UVR (Pauloin et al. 2009 ).
Earlier reports concerning the effect of chronic UVR on dermal hyaluronan have been contradictory, ranging from hyaluronan accumulation (Schwartz. 1988; Margelin et al. 1996; Koshiishi et al. 1999) to its depletion (Dai et al. 2007 ). In our material, based on the histochemical analysis of hyaluronan, we observed a loss of subepidermal hyaluronan staining in most of the hyperplastic samples. The reason for these contradictory results may come from differences in the exposure regimens or wavelengths used, perhaps having differential effects on reactive oxygen species and enzymes that control hyaluronan synthesis and catabolism, all influenced by UVR (Rees et al. 2004; Averbeck et al. 2007 ).
In conclusion, long-term chronic UVR treatment of mouse skin, simulating excessive sunlight, causes accumulation of hyaluronan around keratinocytes in the hyperplastic and SCC lesions probably by activated expression of both hyaluronan synthesizing enzymes and the cell surface receptor CD44, reproducing the pattern in the premalignant and malignant human SCCs (Wang et al. 1996; Pirinen et al. 1998; Karvinen et al. 2003) . This indicates that hyaluronan and CD44 augmentations are inherent features of the early phases of SCC, suggesting that they contribute to the development of these malignancies.
